MicroRNAs are important regulators of developmental gene expression, but their contribution to fetal gonad development is not well understood. We have identified the evolutionarily conserved gonadal microRNAs miR-202-5p and miR-202-3p as having a potential role in regulating mouse embryonic gonad differentiation. These microRNAs are expressed in a sexually dimorphic pattern as the primordial XY gonad differentiates into a testis, with strong expression in Sertoli cells. In vivo, ectopic expression of pri-miR-202 in XX gonads did not result in molecular changes to the ovarian determination pathway. Expression of the primary transcript of miR-202-5p/3p remained low in XY gonads in a conditional Sox9-null mouse model, suggesting that pri-miR-202 transcription is downstream of SOX9, a transcription factor that is both necessary and sufficient for male sex determination. We identified the pri-miR-202 promoter that is sufficient to drive expression in XY but not XX fetal gonads ex vivo. Mutation of SOX9 and SF1 binding sites reduced ex vivo transactivation of the pri-miR-202 promoter, demonstrating that pri-miR-202 may be a direct transcriptional target of SOX9/SF1 during testis differentiation. Our findings indicate that expression of the conserved gonad microRNA, miR-202-5p/3p, is downstream of the testis-determining factor SOX9, suggesting an early role in testis development. microRNAs, mouse gonad development, testis differentiation, transcriptional regulation, transgenic mice
INTRODUCTION
Differentiation of the gonads during mammalian embryogenesis is a critical developmental process because it determines the phenotypic sex of the fetus. Gonads develop from the indifferent or bipotential genital ridges, which can differentiate into two morphologically and functionally distinct organs, testes, or ovaries. This decision depends on whether or not the Y chromosomal, male-determining Sry gene is expressed. The expression of Sry initiates a cascade of gene expression and regulation resulting in the formation of a testis [1] . Subsequently, hormones produced by the testis orchestrate the differentiation of the rest of the body to a male phenotype. The critical transcriptional target of SRY is Sox9, which is both necessary and sufficient for male sex determination and development. In humans, loss of a fully functional SOX9 results in the disorder campomelic dysplasia, which is frequently characterized by sex reversal in XY individuals [2, 3] .
In the absence of a completely functional Sry, the female program of gene expression marked by Wnt4, Rspo1, and Foxl2 is initiated, and an ovary will develop, which in turn results in a female phenotype. There is a fine balance between the testicular-and ovarian-specific network of gene expression, and disturbance can result in a tipping of the balance in one direction or the other [4] .
MicroRNAs are a class of single-stranded noncoding RNAs of approximately 22 nucleotides (nt) in length that posttranscriptionally regulate mRNAs. Most microRNAs (miRNAs) are transcribed by RNA polymerase II as the long primary transcript termed pri-miRNA. In the nucleus, the microprocessor complex consisting of the RNase-III enzyme Drosha and its RNA-binding partner DGCR8 processes the primiRNA into a precursor miRNA of ;70 nt, the pre-miRNA hairpin [5, 6] . The pre-miRNA is then processed in the cytoplasm to a ;22-nt double-stranded RNA by the RNAase III enzyme Dicer [6] . One of the strands or both strands (3p and 5p) are incorporated into the RNA-induced silencing complex RISC. The miRNA-loaded RISC then regulates its target mRNA by affecting mRNA translation and/or stability usually by binding to 3 0 untranslated regions (3 0 UTR) (reviewed in [7] ). MicroRNAs are important regulators of developmental gene expression, but their role in fetal gonad development is poorly understood.
Several studies have indicated that miRNAs are likely to regulate the mammalian reproductive system. Microarray and cloning approaches have identified known and novel miRNAs in the fetal and postnatal testis and ovary in a variety of species [8] [9] [10] [11] [12] . The contribution of miRNAs in general has been studied using Dicer1-null mice, in which the processing of canonical miRNAs is abolished. While mutant embryos generated from Dicer1-null oocytes failed to proceed to a two-cell embryo, mice homozygous for a hypomorphic allele developed normally except for female infertility associated with corpus luteum insufficiency [13] . Furthermore, mice with Dicer1 deleted specifically in germ cells showed arrest of spermatogenesis [14] [15] [16] [17] [18] .
Deletion of Dicer1 in the Sertoli cell lineage at 13.5 days post coitum (dpc), using Dicer1 fl/fl :Amh cre mice, resulted in progressive postnatal testis degeneration and infertility from a failure of Sertoli cell maturation [19, 20] . In addition, genetic ablation of Dicer1 alleles in SF1-positive gonadal somatic cells from 10 dpc resulted in postnatal testis degeneration [21] . While these studies demonstrate that miRNAs have a significant role in postnatal testicular somatic cell function, the mouse models do not address the role of miRNAs in fetal Sertoli cells, because it is unclear at what stage Dicer1 protein is lost. Moreover, when Dicer1 alleles were excised at 13.5 dpc, a significant decrease in the expression of miRNAs was evident only at postnatal day 5 [19] .
We previously screened the small RNA population of differentiating XY and XX gonads, using high-throughput sequencing to identify microRNAs that may regulate mouse embryonic gonad development [22] . We detected the microRNAs miR-140-5p/miR-140-3p being expressed in differentiating testes. Investigation of pre-miR-140 null mice identified the fact that Leydig cell development was perturbed with an increase in Leydig cell number, supporting a role for microRNAs in early gonad development [22] . To further characterize the role of microRNAs in regulating developmental events during sex determination and gonadal development, we investigated the expression and regulation of the conserved gonadal microRNAs miR-202-5p and miR-202-3p and found them to be expressed in a testis-enriched pattern, with strong expression in Sertoli cells, the organizing cells of the XY gonad. We showed that pri-miR-202 is likely to be a direct transcriptional target of SOX9, suggesting an early role in testis-specific organogenesis.
MATERIALS AND METHODS

Mouse Strains
Embryos were collected from timed matings of outbred CD1 mice, with noon of the day on which the mating plug was observed designated 0.5 dpc. For more accurate staging, the tail somite (ts) stage of the embryo was determined by counting the number of somites posterior to the hind limb [23] . Using this method, 10.5 dpc corresponds to approximately 8 ts, 11.5 dpc to 18 ts, and 12.5 dpc to 30 ts. Zfy PCR was used to determine the sex of the embryos before morphological gonad differentiation [24] . Generation of cytokeratin 19 Ck19;Sox9-null mice have been described previously [25] . Generation of Cited2-null mice on a C57BL/6 background has been described previously [26] . Cited2-null mouse samples were between 24 and 27 ts. The bacterial artificial chromosome (BAC) transgenic mouse vector used to drive pri-miR-202 under the control of the regulatory regions of Wt1, and the BAC Wt1:202-IRESeGFP transgenic lines were generated as described previously [27] . Seven positive transgenic mice were generated that stably transmitted the Wt1:202-IRES-eGFP transgene (Tg) through the germ line. However, analysis detected expression only of the Tg in one mouse line. This line was subsequently characterized further. Tg mice were analyzed on a mixed Agouti and C57BL/6 background. Genotyping primers used are provided in Supplemental Table S1 (all Supplemental Data are available online at www.biolreprod.org). Protocols and use of animals were approved by the Animal Welfare Unit of the University of Queensland, which is registered as an institution that uses animals for scientific purposes under the Queensland Animal Care and Protection Act (2001).
In Situ Hybridization
Probes used were pri-miR-202 (entire AK144366 transcript), miR-202-3p (miRCURY locked nucleic acid [LNA] detection probe, 39487-01; Exiqon), miR-202-5p (miRCURY LNA detection probe, 39486-01; Exiqon), Scrambled (miRCURY LNA detection probe, 99004-01; Exiqon). Section in situ hybridization (sISH) for pri-miR-202 was performed as previously described [28] with hybridization of the probe at 658C. The color reaction was performed for equal amounts of time on XY and XX sections at the same time point. For microRNA section in situ hybridization with digoxigenin (DIG)-labeled LNA probes, whole embryos were fixed in 4% (w/v) paraformaldehyde (PFA) at 48C overnight, then washed with 13 PBS, incubated in 30% sucrose solution for 6 h and then snap frozen in OCT (Tissue Tek). LNA sISH was performed with 10-lm sagittal sections as described previously [28, 29] , unless otherwise stated. After proteinase K digestion and 4% PFA fixation, slides were incubated in imidazole (Sigma-Aldrich) buffer (1.6 ml imidazole, 148.35 ml of water, 450 ll of HCl [32%] and 9.6 ml of 5M NaCl). A 2-h fixation with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (Sigma-Aldrich) solution diluted in imidazole buffer, at a final concentration of 0.16 M, pH8 [29] . Hybridization of the probes was performed at 208C below the probe melting temperature, as recommended by the manufacturer (Exiqon); 568C for miR-202-3p, 478C for miR-202-5p, and 478C for Scrambled. RNA probe was detected by incubation with BM Purple, alkaline phosphatase substrate (Roche). Slides were mounted in 70% glycerol and imaged with a BX-51 microscope (Olympus). Section ISH followed by immunohistochemistry was performed as described previously [30] .
For fluorescence sISH, embryos were dissected at 13.5 dpc and fixed in 4% (w/v) PFA at 48C overnight and washed with 13 PBS and embedded in paraffin. Paraffin sections (7 lm) were mounted on Superfrost Plus slides (Menzel-Glaser) and processed as previously described [28] . Fluorescence detection of the DIG-labeled probe was achieved by incubation in detection buffer (100 mM Tris HCl, pH8, 100 mM NaCl, 10 mM MgCl 2 ) twice for 20 min each and then incubation in 10 ll of 2-hydroxy-3-naphtoic acid-2 0 -phenylanilide phosphate (HNPP; Roche) and 10 ll of Fast Red TR (Roche) solution per milliliter of detection buffer for 2 h at room temperature.
For whole-mount ISH, dissected gonads/mesonephroi were fixed in 4% PFA in PBTX (PBS containing 0.1% Triton X-100) for several hours at 48C. Whole-mount ISH with DIG-labeled RNA probes was carried out as described elsewhere [31] .
Immunofluorescence
Paraffin sections (7 lm) of mouse embryos were processed as described previously [27] . The primary antibodies against endogenous mouse antigens used for this study were goat anti-green fluorescent protein (GFP; code AB5450; Abcam) at 1:200 dilution; rabbit anti-mouse vasa homologue (MVH; code 13840; Abcam) at 1:400 dilution; rabbit anti-FOXL2 [27] at 1:600 dilution; goat anti-Mullerian hormone (AMH; code SC-5279; Santa Cruz Biotechnology) at 1:400 dilution; rabbit anti-SOX9 at 1:200 dilution [32] ; rabbit anti-SCC [33] and anti-isolectin B4 (code L2140; Sigma Aldrich) at 1:200 dilution. The secondary antibodies used were donkey anti-goat Alexa 488 (code A11055; Invitrogen) at 1:200 dilution; donkey anti-goat horseradish peroxidase (code 705-035-003; Abacus ALS); goat anti-rabbit Alexa 594 (code A11034; Invitrogen) at 1:200 dilution; donkey anti-rabbit Alexa 568 (code A10042; Invitrogen) at 1:200 dilution; biotinylated anti-rabbit (Amersham); and 4 0 ,6-diamidino-2-phenylindole (DAPI; 2 ng/ll in PBS; Molecular Probes) at 1:1000 dilution to visualize nuclear DNA in immunofluorescence, using a confocal microscope (LSM 510 Meta; Zeiss).
Quantitative RT-PCR
Quantitative RT-PCR (qRT-PCR) using SYBR green (Invitrogen) was performed as described previously [34] . Quantitative RT-PCR at all time points was performed with gonad-only samples, with mesonephroi removed. Sox9-null samples were normalized to the endogenous housekeeping genes Rn18s [34] . Cited2-null samples were normalized to Sdha, n ¼ 3 [34] . WT1-202 Tg samples were normalized to Tbp, n ¼ 3-4 [34] . TaqMan miRNA qRT-PCR reactions were performed according to the manufacturer (Applied Biosystems) instructions for miR-202-5p (no. 4395709), miR-202-3p (no. 4373311), and sno202 (no. 4380914). Reverse transcriptase reactions were set up with 50 ng of RNA per sample. Quantitative PCR reactions were normalized to the small nucleolar RNA sno202 [35] and used to calculate the relative fold change in accordance with the delta-delta CT method [36] . Where appropriate, comparisons of gene expression levels were analyzed using unpaired twotailed Student t-tests (PRISM version 5.0 software; GraphPad). The SYBR green primers used are provided in Supplemental Table S1 .
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Cell Sorting Two 13.5 dpc Sf1-eGFP [37] litters were dissected in cold PBS, and the sex was determined by the presence or absence of testis cords before the gonad was separated from the mesonephros. Gonads were enzymatically dissociated into a single cell suspension in 0.25% Trypsin-EDTA (Gibco) with 5 U/ml DNase1 (Sigma) for 20 min at 378C while rocking. Cells were further dissociated using an 18-gauge and then 23-gauge syringe. Cells were pelleted by centrifugation at 3000 rpm at 48C. The dissociation solution was removed, and cells were resuspended in 400 ll of ice-cold PBS and stored on ice. Cells were incubated with 2 ll of SSEA1-PE antibody (BD Biosciences) for 20 min to tag germ cells, and germ and eGFP-positive cells were sorted using a BD FACSAria cell sorter at the Queensland Brain Institute of the University of Queensland, Brisbane, Australia. Collected cell populations were kept on ice before RNA extraction. Cells from two independent sorting experiments were pooled for analysis.
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assay was performed as described previously [28] using recombinant, bacterially expressed glutathione S-transferase (GST) fusion proteins of the full-length mouse SOX9 and FGFR2. The oligonucleotides harboring the SOX site are provided in Supplemental Table S1 .
Gonad Explant Culture and Transient Transfection Analysis
Promoter fragments were cloned into the pGL2 vector. Primers used to amplify promoters and to perform site-directed mutagenesis are listed in Supplemental Table S1 . Transient transfection assays in gonad explant cultures were performed using previously described methods [38] . Briefly, gonads were harvested from 13.5-to 14.5-dpc embryos of CD1 mice. Transfections were performed by injecting a DNA cocktail containing 4 lg/ll pGL2 construct plus 2 lg/ll SV40-Renilla plasmid DNA. Less than 1 ll of DNA was injected, spread over three sites within the gonad. Following injection, 20 ll of sterile PBS was placed on the gonad for electroporation. Immediately thereafter, 5 square electrical pulses of 65 volts, 50 ms each at 100-ms intervals, were delivered through platinum electrodes from an electroporator. After electroporation, gonads were placed back into culture for 24 h. Explant cultures were maintained at 378C with 5% CO 2 /95% air in a 50-ll droplet of Dulbecco minimal Eagle medium supplemented with 10% fetal calf serum and 50 mg/ml ampicillin [39] . Upon harvest, transfected gonad explants were washed three times with PBS and then placed in 40-100 ll of passive lysis buffer (Promega) and manually disrupted with a pipet tip and subjected to three freeze/thaw cycles to optimize cell lysis. Reporter activity was measured using 20 ll of cell lysate, using the dual reporter detection system according to manufacturer's recommendations (Promega). Each construct was injected in at least three gonads of each sex, and each experiment was repeated at least four times. Data were subjected to one-way ANOVA and a Dunnett multiple comparisons post hoc test, where all the columns were tested relative to the control promoter.
MicroRNA Target Prediction
Messenger RNA targeted by the most prevalent strands of miR-140-3p (miR-140*) and miR-202-5p were predicted using TargetScan 5.2 Custom [40] , MirWalk [41] and RNA22 [42] . For TargetScan only genes with an exact match to positions 2-8 of the mature miRNA were considered as truly targeted (8 mer and 7 mer-m8 site types). Genes predicted to be targeted by at least two of these programs were considered as a conservative set of miR-202-5p targets. Genes predicted to be targeted by both miR-140-3p and miR-202-5p by any of these programs were considered shared targets of these miRNAs.
RESULTS
miR-202 Is a Conserved microRNA Expressed in Mouse Embryonic Gonads
We have previously screened the small RNA population of differentiating XY and XX gonads by using high-throughput sequencing to identify microRNAs that may regulate embryonic gonad development [22] . This strategy was used to identify the microRNA miR-140-3p/5p, which modulates Leydig cell differentiation in the fetal XY gonad, validating the fact that the screen identified functionally important microRNAs. This approach also revealed miR-202-5p/3p as potential candidates to regulate fetal testis differentiation [22] . Furthermore, we found the primary transcript pri-miR-202 to be testis-enriched expressed during mouse gonad development in a microarray designed to detect long noncoding RNAs [43] . While some pre-miRNAs are processed from introns of protein-encoding genes, pri-miR-202 is transcribed as the independent noncoding transcript AK144366. The sequence of the microRNA miR-202 is conserved in vertebrates (Fig. 1A) and was previously shown to be expressed in adult testes of human, mouse, Xenopus, Atlantic halibut [10, 11, 44, 45] , and fetal testes of chicken [9] . In order to determine whether miR-202 is expressed in mouse embryonic gonads, we performed section ISH for the primary transcript of miR-202, pri-miR-202 (Fig. 1B) . Pri-miR-202 was detected in both XY and XX gonads at 11.5 dpc. As the gonads differentiate, strong expression of pri-miR-202 was evident in the testis around the edge of the cords. Testis cords are composed of clusters of germ cells surrounded by Sertoli cells, suggesting that pri-miR-202 is expressed in Sertoli cells. Detection of weak pri-miR-202 expression in the ovary at 12.5 and 13.5 dpc demonstrated that it is dimorphically expressed as the gonads differentiate. Fluorescent ISH with XY gonads at 13.5 dpc detected pri-miR-202 in nuclear subdomains (Fig. 1C) , as would be expected for a primary miRNA transcript. Section ISH, combined with immunohistochemistry staining for the cytoplasmic Sertoli cell marker AMH showed that pri-miR-202 and AMH colocalize within the same cells (Fig. 1D) . Therefore, pri-miR-202 is expressed within the nuclei of Sertoli cells. Expression of primiR-202 was not detected at earlier stages of embryonic development (Supplemental Fig. S1 ).
Expression of miR-202-5p and miR-202-3p Is Sexually Dimorphic
Having detected embryonic expression of pri-miR-202 in fetal gonads, we next investigated whether pri-miR-202 is processed to mature miRNAs, and quantified the relative expression levels between XY and XX gonads. Quantitative RT-PCR with gonad-only tissue detected expression of both miR-202-3p and miR-202-5p in embryonic gonads, with increasing levels of expression as the gonads differentiated ( Fig. 2A) . By 13.5 dpc, the expression of both strands was significantly higher in testes than in ovaries. This expression pattern was congruent with that observed in our highthroughput sequencing approach using RNA from mouse embryonic gonads from 11.5 to 13.5 dpc (Supplemental Fig.  S2 , [22] ), which also indicated that in the embryonic gonad, miR-202-5p is the predominantly expressed miRNA strand from the pre-mir-202 hairpin.
LNA section ISH was then used to confirm that miR-202-3p is processed within the same cell type as the primary transcript (Fig. 2B ). In the XY gonad, miR-202-3p was detected in the cytoplasm of cells toward the edge of the testis cords, a pattern consistent with expression in Sertoli cells. The opposing hairpin strand, miR-202-5p, was also detected by LNA ISH in Sertoli cells; however, signal was also detected at other sites in the embryo that we were unable to validate by high-throughput sequencing (data not shown), suggesting that the miR-202-5p probe may not be specific. To further confirm the expression of miR-202-5p in somatic but not germ cells, we performed qRT-PCR with sorted gonadal cells from 13.5-dpc Sf1-eGFP embryos [37] . Germ cells were isolated using an anti-SSEAI antibody and pooled Sertoli and Leydig cells based on the expression of eGFP driven by the Sf1 promoter [37] . Quantitative RT-PCR with the Sertoli cell marker Sox9 and the germ cell marker Mvh showed that while some germ cells were present in the eGFP-positive cell population, the germ cell SOX9 REGULATES miR-202-5p/3p TRANSCRIPTION population was free of Sertoli and Leydig cells (Fig. 2C , left and middle panels). Quantitative RT-PCR for miR-202-5p demonstrated that this miRNA was highly enriched (500-fold higher) in the eGFP-positive cell fraction compared to that in isolated germ cells (Fig. 2C, right panel) , further corroborating our ISH results. Therefore, miR-202-5p/miR-202-3p are expressed in a sexually dimorphic pattern during embryonic gonad development and localize to Sertoli cells in the testis.
In Vivo Overexpression of pri-miR-202 in XX Gonads
To investigate the function of pri-miR-202 in vivo, we generated a mouse model in which pri-miR-202 was overexpressed in embryonic gonadal somatic cells. This mouse model was used to determine whether overexpression of pri-miR-202 disturbs the ovarian pathways of gene expression. We overexpressed pri-miR-202 together with eGFP driven by an internal ribosome entry site (IRES) under the control of the regulatory region of the Wilms tumor suppressor gene Wt1. We chose the regulatory region of Wt1 because this gene is expressed in the somatic cells of XX and XY genital ridges from approximately 10.5 dpc [46] . This strategy was used previously to show that ectopic expression of Sox10 in an XX gonad was able to direct testicular development [27] . All transgenic XX and XY mice were fertile and survived to adulthood.
Investigation of transgenic testes by immunofluorescence showed that eGFP is expressed in Sertoli cells at 13.5 dpc as expected (Supplemental Fig. S3A ). However, surprisingly, although the primary transcript pri-miR-202 was increased approximately 2-fold (Supplemental Fig. S3B, left panel) , the level of the processed, mature microRNA miR-202-5p was not significantly changed (Supplemental Fig. S3B, right panel) . Accordingly, we did not observe any phenotypic changes in developing transgenic testes at 13.5 dpc as determined by immunofluorescence for the Sertoli cell marker AMH, the germ cell marker MVH, the Leydig cell marker SCC, and the endothelial cell marker isolectin B4 (Supplemental Fig. S3C) .
Analysis of transgene expression by immunofluorescencedetected eGFP in the XX gonad at 11.5, 13.5, and 15.5 dpc in heterozygous transgenic mice (Fig. 3A) , demonstrating that the transgene is also expressed during XX embryonic gonad WAINWRIGHT ET AL. development. Colocalization of eGFP with markers of XX somatic cells (FOXL2) and germ cells (MVH) at 13.5 dpc demonstrated that this expression was restricted to the somatic cell lineage in the XX gonad, as expected (Fig. 3B) . Quantitative RT-PCR at 13.5 dpc detected significantly increased expression of pri-miR-202 and miR-202-5p in the heterozygous (Tg/Wt) and homozygous (Tg/Tg) transgenic XX gonads compared to that in wild-type XX gonads (Wt/Wt). The expression of pri-miR-202 in XX Tg/Wt gonads and the expression of the predominant mature microRNA miR-202-5p in XX Tg/Tg gonads were comparable to the level in wild-type testes (Fig. 3C) .
To determine whether ovarian development was perturbed in Tg/Tg XX mice, we examined several markers of XX and XY gonad development. FOXL2, a marker of ovarian somatic cells, was expressed at wild-type levels in Tg/Wt, Tg/Tg XX gonads at 11.5, 13.5, and 15.5 dpc (Fig. 4A) . Furthermore, the ovarian somatic cell genes Wnt4 and Rspo1 showed no significant change in expression in XX Tg/Wt, Tg/Tg gonads compared to XX Wt/Wt at 13.5 dpc (Fig. 4B) , suggesting that ovarian somatic cell determination proceeds normally. In addition, the expression of Sertoli cell genes Sox9 and Amh, and the Leydig cell gene Hsd3b, were unchanged in Tg/Wt, Tg/ Tg XX gonads compared to wild-type at 13.5 dpc (Fig. 4B) , showing that the cells did not differentiate into testicular somatic cells. Furthermore, there was no change in the expression of the germ cell marker Mvh, suggesting that germ cells are present at wild-type numbers. Taken together, no changes to molecular sex determination pathways and gonad development were detected in transgenic gonads.
To further assess miR-202-5p function, we queried for potential target genes using TargetScan, miRWalk, and RNA22 [40] [41] [42] . This analysis identified a total of 36 genes that were predicted to be targeted by at least two algorithms (Supplemental Table S2 ). Interestingly, 11 of the 36 target genes were also putative target genes of miR-140-3p (Supplemental Table  S2 , right column), a microRNA we previously showed to be expressed in Sertoli cells of the developing testis [22] .
Expression of pri-miR-202 Is Perturbed in the Absence of SOX9 and SF1
Expression of pri-miR-202 in Sertoli cells during XY gonad differentiation suggested that regulation of pri-miR-202 transcription might be downstream of the transcription factor SOX9. To test this hypothesis, pri-miR-202 expression was investigated in a mouse model where SOX9 expression is absent. The expression of pri-miR-202 was examined in testes of mouse embryos in which Sox9 was conditionally inactivated from 10.5 dpc; these embryos were generated by mating Sox9 flox/flox mice with mice expressing Cre recombinase under the control of the cytokeratin 19 promoter [25] . Expression of SOX9 REGULATES miR-202-5p/3p TRANSCRIPTION pri-miR-202 was examined in testes between 15 ts (approximately 11.2 dpc) and 27 ts (approximately 12.5 dpc). At all stages tested, the expression of pri-miR-202 in Sox9-null XY gonads was weaker than that seen in wild-type XY gonads (Fig. 5A) . These mice display complete sex reversal, with occasional ovotestis formation [25] . Importantly, the expression of pri-miR-202 was reduced in those samples prior to morphological sex reversal (15, 16 , and 18 ts). Therefore, these data suggest that pri-miR-202 transcription is downstream of SOX9.
Because SOX9 directly up-regulates a number of genes in testes in conjunction with SF1 [47, 48] , we investigated the expression of pri-miR-202 in Cited2 (Glu/Asp-rich carboxylterminal domain 2) null mice. Sf1-null mice display complete gonad agenesis with gonads regressing after sex determination [49] , thus prohibiting investigation of downstream targets of SF1 in this mouse model. CITED2 interacts with the transcription factor WT1 and together they function to ensure elevated Sf1 levels. Cited2-null mice exhibit a delay in the testis determination program that results from the failure of enhanced Sf1 expression and not as a direct consequence of loss of Cited2 [50] . Sf1 expression levels recover by 12.5 dpc (30 ts) in Cited2-null gonads [51] , so we examined the expression of pri-miR-202 at 24-27 ts in XY gonads. Relative to the wild-type, the expression of pri-miR-202 was significantly reduced in Cited2-null testes, suggesting that pri-miR-202 transcription is downstream of SF1 (Fig. 5B ).
SOX9 and SF1 Regulate pri-miR-202 Expression via a 4-kb Promoter
Because pri-miR-202 transcription is evidently downstream of SOX9, we reasoned that SOX9 might directly transactivate the pri-miR-202 promoter. A ;4-kb region proximal to the primiR-202 transcription start site (Fig. 6A) , WT promoter 1 (WT prom 1), was cloned into a luciferase reporter plasmid to study the putative promoter activity. This vector was electroporated into fetal gonad explants and ex vivo luciferase assays were performed. The ;4-kb promoter region showed 5-to 6-fold transactivation in 13.5 dpc XY gonads compared to 13.5 dpc and miR-202-5p at 13.5 dpc, with increasing expression in XX heterozygous Tg/Wt and XX homozygous Tg/Tg gonads compared to XX wild-type (WT). Expression of pri-miR-202 was normalized to that of Tbp, and expression of miR-202-5p was normalized to that of the small nucleolar RNA sno202. n ¼ 3-6. Error bars represent SEM. *P , 0.05; **P , 0.01.
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XX gonads (Fig. 6B) , suggesting that this region contains at least some of the regulatory elements required for pri-miR-202 transactivation. For the majority of assays, transactivation of WT promoter 1 in XX gonads was too low to be detected.
Bioinformatics analysis of the 4-kb proximal promoter identified several SOX and SF1 consensus binding sites (Fig.  6A) , (A/T)(A/T)CAA (A/T)G and GTCAAGGTCA respectively [47, 48] . Based on mammalian conservation and SOX9 REGULATES miR-202-5p/3p TRANSCRIPTION proximity to putative SF1 binding sites, several putative SOX sites were selected for analysis of in vitro SOX9 binding, including a SOX site 0.1 kb proximal to the transcription start site SOX-0.1 (Fig. 6, A and C) .
Electrophoretic mobility shift assays were performed to identify whether SOX9 could bind directly to these elements (only SOX-0.1 is shown). Nondenaturing polyacrylamide gel electrophoresis identified a shift in the migration of wild-type (WT) SOX-0.1 DNA fragment with GST-tagged SOX9 that was not evident with GST-tagged fibroblast growth factor receptor 2 (FGFR2) protein, suggesting that GST-SOX9 bound to the SOX-0.1 element (Fig. 6D) . Mutation of the SOX consensus site (MUT SOX-0.1) prevented this binding, suggesting that it was a sequence-specific interaction (Fig.  6D) . Therefore, these data show that SOX9 binds to SOX-0.1 in vitro. Site-directed mutagenesis was then used to introduce the mutated SOX-0.1 into the 4-kb putative pri-miR-202 promoter luciferase reporter vector that was previously used for the ex vivo gonad luciferase assays. In addition, three other promoter reporters were generated: the full-length 4-kb promoter with a mutated SF1-0.1 site and two truncated regions of the 4-kb wild-type promoter (WT promoter 2 and 3), 3.5 kb and 0.5 kb (Fig. 6A) . Subsequently, ex vivo gonad luciferase assays of XY gonads were performed using these modified promoter regions. Truncation of the 4-kb wild-type promoter region resulted in a loss of promoter activity, suggesting that critical regulatory elements were contained within the full-length 4-kb region. Furthermore, mutation of the SOX-0.1 site or the SF1-0.1 site abolished transactivation of the wild-type promoter, suggesting that SOX9 and SF1 directly regulates the pri-miR-202 promoter via these regulatory elements (Fig. 6E) .
DISCUSSION
Mammalian sex is determined by a balance of male-and female-inducing factors, most notably SRY, SOX9, and FGF9, promoting testicular differentiation, and WNT4, RSPO1 and FOXL2, promoting ovarian differentiation. Because microRNAs are known to function in fine-tuning of gene expression and enforcing developmental decisions, we investigated whether microRNA gene regulation plays a role in sex determination in the mouse model system. Here, we examined the expression, regulation, and function of the microRNAs miR-202-5p and miR-202-3p in mouse embryonic gonads, identifying these miRNAs as candidates that regulate embryonic testis development. In addition, we showed that the expression of these miRNAs are likely to be regulated directly by the testis-determining factor SOX9, demonstrating that SOX9 function is not only important for the regulation of protein-encoding genes but also nonencoding RNAs.
Conserved Testicular Expression of miR-202-5p/3p
The miRNA miR-202-5p/3p is a member of the let-7 family. The let-7 family members are highly conserved across species both in sequence and function, with an increase of let-7 expression generally associated with cell differentiation (for review see [52] ). We found that miR-202-5p/3p is upregulated in Sertoli cells during mouse testis differentiation. Interestingly, previous studies have suggested that miR-202 is expressed in both somatic and germ cells postnatally [10] , suggesting that its expression is upregulated in germ cells at later stages during development. The testis-enriched expression during gonad differentiation is conserved in birds, with chicken showing high miR-202-5p/3p expression in developing testes compared to ovaries [9] . Furthermore, the association of pri-miR-202 with the male gonad differentiation program was investigated in an avian model of sex reversal where estrogen synthesis was manipulated in ovo. In this sex reversal system, the expression of miR-202-5p decreased in feminized ZZ gonads and increased in masculinized ZW gonads, demonstrating that miR-202-5p expression is associated with male gonad development.
In addition, the expression of miR-202-5p/3p has been detected in immature and mature gonads in a number of vertebrate species, including Atlantic halibut, pig, human, mouse, and Xenopus [10, 11, 13, 45, 53] . Thus, the evolutionarily conserved expression pattern of miR-202-5p/3p suggests that it plays a role during fetal testis differentiation and possibly has a function in postnatal testis and ovary.
Transcriptional Regulation of pri-miR-202 Expression
The transcription of microRNAs as long primary transcripts by RNA polymerase II is regulated by transcription factors. SOX9 is a master regulator of Sertoli cell differentiation in mouse and humans, being both necessary and sufficient for testis determination [3, 54, 55] . A number of direct target genes for SOX9 have been identified and shown to have important functions in Sertoli cell differentiation, maintenance, and male sex determination, such as anti-Müllerian hormone, which promotes regression of the Müllerian duct [47, 56] , and prostaglandin D synthase, which functions in a positive feedback loop to ensure Sox9 expression and therefore Sertoli cell differentiation [28, 32] . SOX9 has previously been shown to regulate the expression of another miRNA, pri-miR-140, which is contained within an intron of the Wwp2 gene [57, 58] . Therefore, direct transcriptional regulation of microRNA gene expression may be an important contribution to the function of SOX9 protein. Ex vivo gonad luciferase assays with 4 kb wild-type promoter in XY and XX 13.5 dpc gonads. In most assays, transactivation was not detected in XX gonads, and XX transactivation reflects the few assays that detected activity above baseline. C) Conservation of the DNA sequence in mammals of the SOX-0.1 element. D) Electrophoretic mobility shift assay with wild-type (WT) or mutated (MUT) SOX-0.1 element from the pri-miR-202 promoter. Radioactively labeled DNA was incubated with either GST-SOX9 or GST-FGFR2 as control. Black arrow indicates bound probe, red arrow indicates free probe. E) Ex vivo gonad luciferase assays in XY 13.5 dpc gonads with 4-kb wild-type promoter (WT prom 1), 3.5-kb wild-type promoter (WT prom 2), 0.5-kb wild-type promoter (WT prom 3), SOX-0.1 mutant promoter, and SF1-0.1 mutant promoter. Dual luciferase activity of each promoter was normalized to testes electroporated with pGL2-basic control vector. Following normalization, the fold change of each promoter construct was calculated relative to the WT promoter 1 activity. None of the promoter constructs expressed measurable luciferase activity in XX gonads (data not shown). Error bars represent SEM. Data was subjected to a one-way ANOVA and a Dunnett multiple comparison post hoc test relative to the control WT promoter 1. *P , 0.05; **P , 0.01, n ¼ 4.
SOX9 REGULATES miR-202-5p/3p TRANSCRIPTION Investigation of pri-miR-202 expression in the Ck19;Sox9-null mouse model demonstrated that pri-mR-202 expression was dependent on SOX9. There were several limitations to using this mouse model. The number of samples available was limited, with only 1 in 64 embryos generated carrying the correct Sox9-null XY genotype [25] . Furthermore, the dynamic increase in expression of Sox9 [59] and pri-miR-202 from 11.5 to 12.5 dpc prohibited similarly staged samples such as 15, 16, and 18 ts from being pooled as previously published [60] . However, at all time points there was a clear trend showing that pri-miR-202 expression was reduced, and notably, expression was reduced in samples prior to morphological sex reversal.
Characterization of the putative pri-miR-202 promoter ex vivo suggested that SOX9 and SF1 transactivate pri-miR-202 through this genomic region, with mutation of a specific SOX and SF1 binding site ameliorating this transactivation. These results were further supported in vivo in the Cited2-null mouse model. These mice have been previously shown to have reduced Sf1 expression [50, 51] , which was associated with reduced pri-miR-202 expression. However, a truncation of the wild-type promoter region, which still contained the identified SOX and SF1 binding sites, also reduced transactivation, demonstrating that additional regulatory elements are required for full promoter activity. Bioinformatics analysis identified, in addition to the SOX and SF1 binding sites, GATA4, FOXL2, SMAD, and KRAB binding sites, all factors that have been shown to play a role in mammalian gonad development [61] [62] [63] . Given that pri-miR-202 is expressed in the developing ovary at 11.5 dpc but is downregulated thereafter, it is possible that the putative FOXL2 binding sites are important for the repression of this noncoding RNA in ovarian somatic cells. In addition, we identified a putative paired-SOX binding site within this deleted region. Paired-SOX sites have been shown to be important for full activation by SOX9 [64] . However, electrophoretic mobility shift assays did not confirm SOX9 binding to this DNA sequence in vitro (data not shown), suggesting that SOX9 binding to this paired-SOX site does not play a role in the transcriptional activation of pri-miR-202. In summary, our data from the expression analysis of Sox9 and Sf1 loss-of-function mouse models and mutation of the primiR-202 promoter support the conclusion that SOX9/SF1 positively regulates pri-miR-202 expression during testicular development.
Function of miR-202-5p/3p
Previous studies have addressed the global function of microRNAs by deletion of Dicer1 in the Sertoli cell lineage at 13.5 dpc, using the Amh-Cre, or at 10 dpc by using the Sf1-Cre [19, 20, 65, 66] . In both mouse models, a phenotype was evident only in the postnatal testis [19, 20, 65, 66] . Interestingly, the expression of Sertoli cell-specific miRNAs in Dicer1;Amh-Cre testes were significantly reduced only at P5, despite ablation of Dicer1 12 days earlier [19] , suggesting that miRNAs are inherently stable in Sertoli cells and/or DICER1 protein itself has a long half-life in Sertoli cells, making it difficult to study the function of miRNAs in fetal sex determination and early gonad development. Therefore, the function of microRNAs in somatic gonad development should be addressed by a candidate-based approach.
To date, no direct physiological function for miR-202-5p/3p has been identified. Our present data suggest that ectopic expression of pri-miR-202 in XX transgenic mice does not overtly influence sex determination, although it may prove to have an important role in testis differentiation and function. A possible explanation for the lack of observable effect is that the endogenous targets of miR-202-5p/3p may not be present in ovarian somatic cells and thus, rather than inhibiting ovarydetermining pathways, miR-202-5p/3p may regulate testisspecific gene networks. Bioinformatics analysis, using the stringent criterion that a gene must be identified as a potential target by at least two algorithms, revealed 36 genes as target genes of miR-202-5p (Supplemental Table S2 ). Eleven of the 36 miR-202-5p target genes were also predicted to be targeted by miR-140-3p (Supplemental Table S2 ), which is coexpressed with miR-202-5p in Sertoli cells in the early XY gonad [22] . However, none of these targets has a known role in sex determination and early gonad development. In the gain-offunction experiment we have tested whether pri-miR-202 can act as a dominant testis-determining factor, which precludes analysis of a possible function in enforcing the male determination program or in supporting decisions of testis differentiation. Therefore, the generation of pri-miR-202-null mice is required before the function of miR-202-5p/3p can be defined in XY gonadal somatic cells.
Our transgenic mouse model resulted in the overexpression of pri-miR-202 not only in somatic cells of the ovary but also in Sertoli cells within the developing testis. Intriguingly, while we detected an increase in the level of the primary transcript in transgenic testes, this did not result in an increase in the processed, mature miRNA, suggesting a testis-specific negative feed-forward loop. This regulation could be at the Drosha level, as has been described for a number of proteins and signaling pathways such as the DE-AD-box RNA helicases p68 and p72 [67] , BMP signaling [68] , and LIN28 (for review see [69] ), at the level of miRNA export by exportin-5, similar to what has been described for miR-105, miR-128, and miR-31 [70] , or through the control of cleavage by Dicer. The exact mechanism of the here-identified testis-specific processing is currently not known and needs further, more detailed investigation, including its specificity for processing of miR-202.
In the emerging paradigm of miRNA regulation of gene expression, it appears that microRNAs can be grouped into three categories. First, miRNAs may act as a switch to regulate a sharp developmental decision, usually through one main target gene. Second, miRNAs may regulate networks of genes to enforce stochastic developmental decisions. Third, miRNAs may regulate gene networks that buffer perturbation of normal physiological processes (reviewed in [71, 72] ). To that end, it would be interesting to cross pri-miR-202-overexpressing transgenic mice onto a partial XX sex reversed genetic background, such as Wnt4-null mice, to determine whether pri-miR-202 can enforce testicular differentiation in the context of a weaker ovarian program.
Alternatively to its physiological role, miR-202-5p/3p expression has been shown to be associated with pathological conditions, suggesting a function in a disease setting. Human miR-202-5p was one of 10 microRNAs upregulated in ovarian endometriomas compared with normal endometrium [73] . In addition, miR-202-3p was found to directly repress the expression of the proto-oncogene myelocytomatosis virusrelated oncogene, neuroblastoma-derived (avian) Mycn, suggesting a function for miR-202-5p/3p as a tumor suppressor [74] . Should miR-202-5p/3p function to provide robustness to gene networks by attenuating aberrant transcripts; perhaps investigation of miR-202-5p/3p in mouse models of ovarian and testicular cancer will clarify its biological function.
In summary, we have determined that pri-miR-202 and miR-202-5p/miR-202-3p are upregulated during fetal testis differentiation with strong expression in Sertoli cells. In vivo, expression of pri-miR-202 in XX gonads does not disrupt XX embryonic sex determination and differentiation. Furthermore, WAINWRIGHT ET AL. we have demonstrated that a 4-kb putative promoter region of pri-miR-202 is sufficient to drive dimorphic expression between XY and XX gonads ex vivo and that pri-miR-202 may be a direct transcriptional target of SOX9/SF1. From the reported data, we conclude that upregulation of miR-202-5p/ miR-202-3p marks XY gonad differentiation and functions downstream of the testis-determining factors SOX9 and SF1. However, definition of the function of pri-miR-202 in the XY gonad requires the generation of pri-miR-202-null mice.
